values in relative units (RU)/ml were 59.5 [interquartile range (IQR) 44.1, 85.3] in the USA, 43.2 (IQR 33.1, 57.9) in Seychelles, and 34.0 (IQR 25.2, 50.4) in Ghana. With adjustment for covariates, increasing quartiles of calcium and animal protein and decreasing quartiles of vegetable protein, fiber, and magnesium intake were associated with significantly higher FGF23 levels compared to the lowest quartile. After further adjustment for dietary factors, significant trends in FGF23 levels were noted only for quartiles of calcium, fiber, and magnesium intake (P < 0.001). Dietary factors other than phosphate are associated with FGF23 levels in young adults.
Introduction
Phosphate homeostasis is essential for multiple facets of bone and muscle health. Fibroblast growth factor-23 (FGF23), a phosphaturic hormone secreted mainly by osteocytes, maintains serum phosphate levels within a tight range by downregulating sodium phosphate co-transporters (types IIa and IIc) in the proximal tubule and promoting phosphaturia [1] [2] [3] [4] . FGF23 also inhibits 25-hydroxyvitamin D 1-α-hydroxylase activity, the enzyme that converts 25- [5] . In aggregate, the effects of FGF23 help to maintain normal serum phosphate and calcium levels.
Several studies have shown that higher phosphate intake for at least several days leads to compensatory increases in FGF23 levels [1, 3] . Using data from three populations of young adults with African ancestry living in the USA, Seychelles, and Ghana, we have previously shown that both phosphate intake and FGF3 levels are highest in the USA [6] and that higher net gastrointestinal phosphate absorption, as reflected by urinary phosphate excretion, is associated with higher FGF23 levels [6, 7] . It is likely that dietary factors other than phosphate also influence FGF23 production either directly or via influencing net gastrointestinal phosphate absorption [8] , but few human studies have examined the association of dietary factors other than phosphate with FGF23 levels, especially in populations without kidney disease [9] [10] [11] .
In this study, we utilized data from three populations of young adults with African ancestry [Maywood, IL, USA (41°N); Kumasi, Ghana (6°N); and Mahé, the main island of Seychelles (34°S)]. Pooling populations with wide variations in environmental exposures including dietary patterns can enhance the elucidation of associations poorly detected in a single population where exposures are more homogeneous [12] . Using the pooled sample, we examined the associations of several potential dietary factors with FGF23 levels including calcium, animal and vegetable protein, and fiber. We hypothesized that higher dietary intakes of calcium and animal protein and lower intakes of vegetable protein and fiber are associated with higher levels of FGF23 levels.
Materials and methods

Study population
The source population for this study was the Modeling the Epidemiological Transition Study (METS), and 25(OH) D levels were measured as part of the Vitamin D Ancillary Study (VIDA). The protocol for the METS study has been previously described [13] . Twenty-five hundred adults, ages 25-45, were enrolled between January 2010 and December 2011. Participants were enrolled at each of five sites: Maywood, IL, USA; Kingston, Jamaica; Kumasi, Ghana; Cape Town, South Africa; and Mahé, the main island of Seychelles. The sites were chosen to cover a broad range of social and economic development, and all participants were primarily of African ancestry. Plasma C-terminal FGF23 was measured in participants from three sites: Maywood, IL (n = 502), Seychelles (n = 500), and Ghana (n = 500). Both Ghana and Seychelles have a tropical climate but Ghana has a rainy and dry season; the USA has four seasons. Participants were recruited across all seasons. We excluded participants with missing plasma C-terminal FGF23 levels (2 in US, 6 in Seychelles, and 8 in Ghana), and those with an estimated glomerular filtration rate <80 ml/min/1.73 m 2 (3 in USA, 3 in Seychelles, and 8 in Ghana). We also excluded individuals with missing dietary data (45 in USA, 9 in Seychelles, and 7 in Ghana). Thus, the total analytical sample was 1411 (452, 477, and 482 participants from the USA, Seychelles, and Ghana, respectively). The METS and VIDA studies were approved by the Institutional Review Board or Ethics Committee at each site, and written content was obtained from all participants in their native language.
Diet
Dietary data were collected by two 24-h recalls using the multiple pass method, created by the Medical Research Council of South Africa [14] . All 24-h recalls were collected by centrally trained interviewers using interview scripts translated into local language. Interviewers recorded the reported food and amount of the participants through various recall styles that captured details including food type, portion size, and preparation and cooking methods. Specific methods have been previously described [15] . Dietary data were sent to the Coordinating Center at Loyola University Chicago where data were entered and analyzed using the Nutrient Data System for Research (NDSR; University of Minneapolis, MN, USA). The Nutrient Data System for Research was modified to accommodate foods and recipes unique to each site using site-specific nutrient databases and previously collected 24-h recall data. Nutrient values were adjusted for total caloric intake using the residuals of a linear regression model with nutrient intake as the dependent variable and caloric intake as an independent variable [16, 17] . The use of the residual model reduces measurement errors for some nutrients and controls for confounding by the total amount of food consumed [16, 17] . The dietary intakes for each site are shown as absolute values and as mean values per 1000 calories to account for differences in caloric intake across the three sites.
Nondietary factors
All measurements were undertaken at outpatient clinics located in each of the METS communities. At the baseline clinic visit, weight was measured without shoes to the nearest 0.1 kg using a standard balance (Health-o-meter, Bridgeview, IL, USA). Height was measured using a stadiometer without shoes. Body mass index (BMI) was defined as weight in kilograms divided by the height in meters squared. Participants were asked to fast 10 h from the evening before the baseline examination for blood sample collections. Cystatin C was measured in fasting serum samples at the St. Gallens Laboratory in Switzerland using nephelometry (Siemens). Glomerular filtration rate (eGFR) was estimated using cystatin C [18] . Total 25-hydroxyvitamin D levels, which reflect the sum of 25(OH)D 2 and 25(OH) D 3 , were measured using a liquid chromatography-tandem mass spectrometric assay at the University of Washington. The calibration of the assay was verified using the NIST standard reference material SRM 972. Interassay variability was 6.0% at 11.5 ng/ml and 5.6% at 12.3 ng/ml for 25(OH) D 2 and 25(OH)D 3 , respectively.
Fibroblast growth factor-23 levels
Plasma C-terminal FGF23 levels were measured at the University of Miami Miller School of Medicine using an enzyme-linked immunosorbent assay (ELISA) that uses two antibodies directed against different epitopes within the carboxy-terminal portion of FGF23 and thus captures both the intact hormone and its carboxy-terminal fragments (Immutopics, San Clemente, CA, USA). The lower limit of detection was 12 RU/ml.
Statistical analysis
We used STATA/IC 13.1 (StataCorp LP, College Station, TX, USA) to perform all statistical analysis. Summary statistics for key baseline characteristics were compared by site. Differences in continuous variables were tested using analysis of variance (ANOVA) and using Fisher's exact test for categorical variables tested. If these tests were statistically significant, then the Ghana and Seychelles groups were each compared to the USA group. The level of statistical significance was set as P < 0.01 to account for multiple comparisons.
Histograms and box plots of variables were examined, and plasma C-terminal FGF23 demonstrated a rightskewed distribution. The optimal transformation of plasma C-terminal FGF23 to normality, as determined by the ladder of powers approach [19] , was a log transformation, and the histogram of log-transformed plasma C-terminal FGF23 showed a normal distribution. Log-transformed plasma C-terminal FGF23 values were standardized by subtracting each value from the mean and dividing by the standard deviation. Calorie-adjusted nutrient values were categorized into quartiles to decrease the influence of outliers [16] ; quartiles were then fitted into generalized linear models with standardized log-transformed plasma C-terminal FGF23 as the dependent variable after pooling all sites. The resulting regression coefficients for each of the calorie-adjusted dietary factor quartiles can be interpreted as the difference in the Z-score for log-transformed plasma C-terminal FGF23 levels within a quartile of a dietary factor compared to the lowest quartile after removing the effects of covariates including total caloric intake. We examined dietary factors potentially associated with FGF23 and gastrointestinal phosphate absorption, which included calcium, phosphate, animal and vegetable protein, total fiber, magnesium, and iron intake. Because the direction of the association of both insoluble fiber and soluble fiber with FGF23 levels was the same, we included total fiber in the model instead of examining insoluble fiber and soluble fiber separately. For each dietary factor, we examined two models. The first model was a parsimonious model that adjusted for age, sex, site, total caloric intake, eGFR, and total levels of 25(OH)D. Model 2 adjusted for all variables in model 1 and also adjusted for the dietary factors calcium, phosphate, animal and vegetable protein, total fiber, magnesium, and iron. Models were adjusted for total levels of 25(OH)D because of its influence on gastrointestinal absorption of calcium and phosphate [20] . To evaluate linear trends across calorie-adjusted quartiles of dietary factors, we used generalized linear models and fitted the quartiles as a continuous variable and tested whether the slope coefficients differed significantly from zero. Analyses were then repeated after excluding individuals with FGF23 levels >200 because of potential iron deficiency leading to increases in the C-terminal FGF23 fragment but not intact FGF23 plasma levels [21] .
Results
In the pooled sample of 1411 study participants, mean age was 35.2 (6.2) years and 45.3% were male. Characteristics of the study participants by site are presented in Table 1 . The mean age was fairly similar across sites, but participants in the USA were significantly younger than in Seychelles [34.2 years (6.3) vs. 36.1 years (5.6); P = 0.007]. Obesity prevalence was highest in the USA and lowest in Ghana. The distribution of total 25(OH)D levels ranged from as low as 17.1 (8.1) ng/ml in the USA to as high as 30.3 (6.9) ng/ml in Ghana. Median plasma C-terminal FGF23 values in RU/ml ranged from 59. 5 3) in Ghana. FGF23 levels were >200 RU/ ml in 32 women in USA, 20 women in Seychelles, and 15 women in Ghana. In contrast, only 6 men had FGF23 levels >200 RU/ml (2 in USA, 1 in Seychelles, and 3 in Ghana.) Table 2 shows the dietary intakes per day and per 1000 calories by site and in the pooled sample. Total daily energy intake was significantly higher in the USA compared to Seychelles and Ghana. Phosphate and calcium intake were lowest in Ghana but intakes of vegetable protein, fiber, and magnesium were highest in Ghana. Table 3 shows the adjusted difference in FGF23 levels by quartiles of calorie-adjusted dietary factors with adjustment for covariates. In model 1, which adjusted for age, sex, site, calories, total 25(OH)D levels, and eGFR, significant linear trends in FGF23 levels were noted across quartiles of calorie-adjusted intakes of calcium, animal and vegetable protein, total fiber, magnesium, and iron. Increasing quartiles of both calcium and animal protein were generally associated with higher FGF23 levels whereas increasing quartiles of vegetable protein, magnesium, and fiber were associated with lower FGF23 levels compared to the lowest quartile. After further adjustment for dietary factors, significant linear trends in FGF23 levels remained only for calorieadjusted quartiles of calcium (P = 0.02), fiber (P = 0.04), and magnesium (P = 0.006). When analyses were repeated after excluding individuals with FGF23 levels >200 RU/ ml, significant linear trends in log-transformed FGF23 levels were noted across quartiles of calcium (P < 0.001), and magnesium (P < 0.001) after adjustment for all covariates including dietary factors (Table 4) .
Discussion
We used data from young adults of African ancestry living in three different environments to examine the association of calorie-adjusted dietary intakes with FGF23 levels. Intake of calcium and animal protein and lower intake of vegetable protein, fiber, magnesium, and iron were generally associated with higher FGF23 levels. We did not find a consistent association between calorie-adjusted intakes of phosphate and FGF23 levels in this population. Phosphate intake is poorly quantified using standard nutrition surveys because of the often hidden sources of phosphate in foods and may explain the very weak association we noted between dietary phosphate intake and FGF23 levels [22] .
A few studies have shown lower FGF23 levels with increasing plant protein intake [23, 24] , but findings have not been consistent [25] which could be the result of the complexity of dietary factors that may influence FGF23 production and difficulties in quantifying vegetable intake because of consumption of vegetables in mixed dishes [26] . However, we did note lower FGF23 levels in upper quartiles of vegetable protein intake compared to the lowest quartile before adjustment for dietary factors consistent with previous studies [23] . Phosphate content in plant protein is mainly in the form of phytic acid, otherwise known Table 1 Characteristics of the study participants by site (n = 1411) † P < 0.01 compared to USA a eGFR calculated using the CKD-Epi equation based on cystatin C [18] b Overall P value calculated by comparing log-transformed mean values by site using ANOVA as inositol hexakisphosphate, the principal storage form of phosphate in grains, nuts, and seeds [27] . To absorb the phosphate from phytic acid, the enzyme phytase is needed to remove the phosphate from the inositol group. Because phytase activity is low in humans [27] , net gastrointestinal absorption of phosphate in plant protein sources is much lower than phosphate obtained from animal protein sources or from foods preserved with inorganic phosphate [28] . Higher quartiles of animal protein intake were associated with significantly higher FGF23 levels before adjustment for dietary factors, which is also consistent with previous studies [24] . Our findings of incremental increases in FGF23 levels across quartiles of dietary calcium intake are supported by results from the European Prospective Investigation into Cancer and Nutrition (EPIC)-Germany, a cohort of 2134 middle-aged adults. Among EPIC participants, higher dietary calcium intake was associated with higher odds of having plasma C-terminal FGF23 levels >90 RU/ml [9] . In addition, Kobayashi et al. reported a positive correlation between plasma C-terminal FGF23 levels and serum calcium levels and the dose of calcium gluconate given to 18 patients after parathyroidectomy for treatment of primary hyperparathyroidism [29] . Although short-term calcium loading has not been shown to increase plasma C-terminal FGF23 levels [30] , calcium-based phosphate binder use for several months in patients with non-dialysis-dependent chronic kidney disease consistently increases FGF23 levels whereas use of non-calcium-based phosphate binders does not [31] [32] [33] . The potential link between calcium intake and plasma C-terminal FGF23 levels is also supported by experiments in parathyroidectomized Wistar rats whereby increases in dietary calcium intake for 10 days increased both serum calcium and FGF23 levels [34] .
We noted significantly lower FGF23 levels in the highest versus lowest calorie-adjusted magnesium intake quartiles even with adjustment for calcium intake. Magnesium has been shown to be an effective phosphate binder in patients receiving dialysis since the 1980s [35] . In addition, phosphate binders containing both calcium acetate and magnesium carbonate decrease FGF23 levels in patients receiving maintenance dialysis [36, 37] . Thus, the inverse association between dietary magnesium intake and FGF23 levels may be caused by reduction of net gastrointestinal phosphate absorption with higher magnesium intake. Dietary iron intake was also associated with FGF23 levels in models not adjusted for Table 3 Adjusted difference in standardized log-transformed fibroblast growth factor-23 (FGF23) levels by quartiles of calorie-adjusted dietary factors (n = 1411) Dietary factors in model were adjusted for caloric intake using the residual method. Model 1 adjusts for age, sex, calories, serum 25-hydroxyvitamin D levels, and estimated glomerular filtration rate based on cystatin C; model 2 adjusts for age, sex, site, calories, serum vitamin D levels, estimated glomerular filtration rate based on cystatin C, and all dietary factors listed in the Table 4 Adjusted difference in standardized log-transformed fibroblast growth factor-23 levels by quartiles of calorie-adjusted dietary factors after excluding participants with fibroblast growth factor-23 levels ≥200 RU/ml (n = 1338) Dietary factors in model were adjusted for caloric intake using the residual method and then standardized for a 2000-cal diet based on the pooled sample. other dietary factors. These findings may reflect the known effects of iron deficiency-stimulating FGF23 transcription in osteocytes with accompanying increased intracellular degradation resulting in higher C-terminal FGF23 fragments [21, 38, 39] . Although we did not have information on serum iron or ferritin levels, the majority of very high FGF23 levels (>200 RU/ml) in our study were noted in women who were likely premenopausal, given their young age. Our study focused on young adults of African ancestry living in three different environments. The pooling of data from three populations with marked differences in dietary patterns led to wide variability in diet, and this variability facilitated discernment of associations between dietary factors and FGF23 levels. A noteworthy limitation of this study is the use of self-reported dietary intakes. Across all three of these study sites, 24-h dietary recalls have been shown to significantly underestimate dietary energy intake and potentially other nutrients [15] . This misclassification of dietary intake may have biased the results toward the null. There is evidence to suggest, however, that relative intakes may be preserved [15] . Another limitation is lack of information on serum calcium and magnesium levels. Study participants were young and overall healthy, and hypocalcemia and hypomagnesemia would be uncommon in any of the sites. We could only measure levels of plasma C-terminal FGF23 rather than intact plasma C-terminal FGF23, but results from the two assays have yielded qualitatively similar associations in most settings [40] .
In conclusion, bone-derived plasma C-terminal FGF23 levels are associated with several dietary factors, including calcium and magnesium intake, in young adults. Future studies should further examine the association between FGF23 levels and dietary factors in other populations to confirm the findings in this study.
